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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The very high cycle region of the S-N fatigue curve has been the subject of intensive research on the last years, with special focus 
on axial, bending, torsional and fretting fatigue tests. This can be achieved using ultrasonic exciters which allow for frequency 
testing of up to 30 kHz. Still, the multiaxial fatigue analysis is not yet developed for this type of fatigue analyses, mainly due to 
conceptual limitations of these testing devices. In this paper, a specimen is tested at 20 kHz on a bi-axial loading condition, with 
axial and torsional components on the specimen throat. The behavior of the specimen is measured by rotational and axial laser 
transducers at the bottom of the specimen and by strain gauges applied at its throat. Strain gauge data from very high frequency 
excitation is compared to strain gauge data obtained from equivalent specimen geometry at 0.5 Hz. Results indicate good 
correlation between both low and very high frequency tests. This data will serve as groundwork for future research on this field. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 
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1. Introduction 
Fatigue damage has special rel vance on the life span of mechanical components and structures, as it takes 
responsibility for the majority of the registered structural failures. Although its mechanisms have been the subject of 
continuous research, the growing need for greater lifespans forced the understanding of the behavior of materials 
under very high cycle loadings, also known as the Very High Cycle Fatigue (VHCF) regime.  
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This field of research, which studies the mechanical behavior of materials for fatigue lives over 10E7 cycles, only 
recently gained notoriety, largely due to the appearance of ultrasonic fatigue testing machines, working at 20 kHz 
and due to the acquisition and control equipment capable of handling signals at such high frequencies.  
In this context, the results found in the bibliography, which usually focus on longitudinal or torsional fatigue tests, 
allow us to understand the behavior of materials on the very high cycle region of the S-N curves, remarking the 
absence, for some materials, of the fatigue limit that used to be considered on mechanical design. However, these 
results only refer to uniaxial loadings when, in real conditions, mechanical components are usually loaded under 
multiaxial loadings.  
The behavior of materials under multiaxial fatigue has been the subject of research and development, but not in 
the region of very high cycles, due to the inexistence of appropriate machinery to perform these tests. 
1.1. Very High Cycle Fatigue 
Materials testing on the VHCF regime (up to 10E10 cycles) only recently became possible, mainly due to the 
appearance of ultrasonic piezoelectric exciters and adequate control and acquisition equipment, which can test at 
frequencies up to 30 kHz. This ultrasonic testing differs from conventional testing since these are based on forced 
excitation, whilst ultrasonic testing is based on free vibration conditions of the specimen. Being a relatively new 
research area, highly complex and interdisciplinary, VHCF testing is not yet normalized, resulting in some 
dispersion on the results and conclusions found in the bibliography. 
VHCF fatigue testing has focused on axial and torsional excitations, while bending and fretting fatigue tests have 
also been executed Bathias, C. et al. (2005), and the results obtained up to now suggest different failure mechanisms 
from those present at lower numbers of cycles. For instance, very high cycle testing demonstrated that materials 
considered to have fatigue limit failed at lower loading amplitudes (for numbers of cycles up to 1010), thus 
confirming that materials do not seem to possess an amplitude limit for which infinite timespan could be achieved 
Bathias, C. (2010), In order to understand the behavior of materials, a mechanical approach has been developed 
using the hysteretic damping of materials under very high cycle testing as a damage parameter to fatigue life 
prediction Lage, Y. et al. (2013), where the hysteretic damping was measured through an automated system of strain 
and temperature measurement and control on an ultrasonic fatigue testing facility Lage, Y. et al (2014). 
On the torsional VHCF testing, Bayraktar et al. (2010), Mayer (2006) and other authors have been focusing on 
the propagation and initiation behavior of materials such as steels and aluminums. Akiniwa et al. (2008), Schuller et 
al. (2013), and other authors have been studying VHCF fatigue behavior of valve spring steels under longitudinal 
and torsional loadings from which the relationship between shear and normal stresses to achieve failure (for a 
certain number of cycles) could be compared. Results indicate that this ratio may vary between 0.58 and 0.72, 
excluding specimens with pre-induced residual stresses. In fact, materials that have induced residual stresses on its 
surface may experience a ratio up to 0.86. These experimental ratios may be compared with the relation between 
shear and normal stress obtained from the von Mises failure criteria when a biaxial state with axial and torsional 
loading is considered, which is approximately 0.58. 
1.2. Multiaxial fatigue 
Multiaxial loading fatigue has been the subject of intense research for low and high cycle regimes, but not on the 
VHCF region, due to the inexistence of machines capable of operating on ultrasonic frequencies and submit 
specimens to multiaxial loadings. For the very high cycle regime, the von Mises criterion on biaxial loading has 
been questioned since experimental data does not correlate well, either for in-phase or out-of-phase loadings, by 
Anes, V. (2014). 
1.3. Biaxial loading at very high frequencies 
The preliminary tests of a specimen submitted to a biaxial loading state at 20 kHz were performed. With these 
preliminary tests, it is intended to confirm the setup used for such high frequency biaxial loading test. This is 
achieved through experimental evaluation of the dynamic behaviour of the specimen: strain gage data from the very 
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high frequency test is qualitatively compared with the strain gage data measured from an identical specimen tested 
at low frequency.  
The loading on the specimen throat had in-phase axial and torsional components, null mean stresses and, 
therefore, a global stress ratio of R=-1. 
If we consider a shaft subjected to axial and torsional loadings, the stress infinitesimal element, the respective 
Mohr’s circle and the infinitesimal element for the principal stresses come (Figure 1): 
Fig. 1. At left: stress infinitesimal element for the considered Cartesian referential; at center: respective Mohr’s circle; on the right: respective 
stress infinitesimal element for the principal stress directions. 
2. Methodology 
For the biaxial very high frequency tests, an ultrasonic exciter of 20 kHz that has been previously built and used 
for several researches on this field has been used, Lage, Y. et al. (2013), Lage, Y. et al. (2014). 
Because this type of testing is performed at such high frequencies and low displacements, the evaluation of the 
correct behavior of the specimen may represent several challenges. For example, the application of a torsional 
loading means that the specimen is submitted to cyclic rotations, which are hard to evaluate since the specimen has a 
cylindrical shape. On the other hand, care must be taken not to mistake rotation with lateral displacement due to 
bending. 
In order to correctly evaluate rotation on the specimen, two notches were created at the bottom of the specimen. 
These notches are used to measure surface speeds, in the directions indicated on Figure 2. Speeds are measured 
using a vibrometer from POLYTEC with two laser channels, with high frequency measuring capabilities. To 
guarantee that rotation is present on the specimen, both signals should be in phase and, if measured at the same 
distance from the center of the specimen diameter, the maximum amplitude should be equal for both signals to 
ensure good rotation on the specimen. 
Fig. 2. Scheme of rotation measurement using two notches on one of the specimen free-end. 
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On the torsional VHCF testing, Bayraktar et al. (2010), Mayer (2006) and other authors have been focusing on 
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al. (2013), and other authors have been studying VHCF fatigue behavior of valve spring steels under longitudinal 
and torsional loadings from which the relationship between shear and normal stresses to achieve failure (for a 
certain number of cycles) could be compared. Results indicate that this ratio may vary between 0.58 and 0.72, 
excluding specimens with pre-induced residual stresses. In fact, materials that have induced residual stresses on its 
surface may experience a ratio up to 0.86. These experimental ratios may be compared with the relation between 
shear and normal stress obtained from the von Mises failure criteria when a biaxial state with axial and torsional 
loading is considered, which is approximately 0.58. 
1.2. Multiaxial fatigue 
Multiaxial loading fatigue has been the subject of intense research for low and high cycle regimes, but not on the 
VHCF region, due to the inexistence of machines capable of operating on ultrasonic frequencies and submit 
specimens to multiaxial loadings. For the very high cycle regime, the von Mises criterion on biaxial loading has 
been questioned since experimental data does not correlate well, either for in-phase or out-of-phase loadings, by 
Anes, V. (2014). 
1.3. Biaxial loading at very high frequencies 
The preliminary tests of a specimen submitted to a biaxial loading state at 20 kHz were performed. With these 
preliminary tests, it is intended to confirm the setup used for such high frequency biaxial loading test. This is 
achieved through experimental evaluation of the dynamic behaviour of the specimen: strain gage data from the very 
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To evaluate strains and stresses on the specimen throat, a rosette-type strain gage with three gages from TML, 
with reference FRA-1-11, was installed on it (Figure 3), both for low and very high frequency tests. Data from the 
strain test at very high frequency was measured with a National Instruments 6216 DAQ with the capability of 
acquiring two signals with a 200 kHz sampling frequency.  
Fig. 3. At left: general scheme of the used rosette-type strain gage; at right: representation of the installed strain gage. 
For the low frequency tests, an Instrom 8874 testing machine is used (Figure 4), with the capability to produce 
conventional biaxial testing on specimens using hydraulic actuators. To create a stress condition that was similar to 
the one measured at very high frequency, the axial force and the torsional moment to be input in the machine 
controller were obtained from the following assumptions: 
𝜎𝜎𝑥𝑥 =
𝐹𝐹
𝐴𝐴
         𝜏𝜏𝑥𝑥𝑥𝑥 =
𝑇𝑇.𝑟𝑟
𝐽𝐽
     (1) 
Where F is the axial force imposed by the conventional testing machine, A is the specimen cross-section area at 
the throat, T is the torsional moment imposed on the throat by the conventional testing machine and J is the polar 
moment of area on the throat cross-sectional area. 
Fig. 4. Hydraulic biaxial testing machine from Instrom, model 8874. 
Some difficulties were found during the tests on the conventional machine, since the necessary loads which were 
input on the machine controller were lower than the usual for this type of machine. This means that the torsional 
component of the loading could not reach a pure sine shape. Still, the obtained results are considered sufficient to 
the pretended qualitative comparison. Testing was made at 0.5 Hz, and strain data was acquired using a National 
Instruments 9235 data acquisition board, with a sampling frequency of 10 Hz. 
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3. Results 
Results presented below at very high frequencies were obtained with power control, at 30 W (1.5% of the total 
available power of the exciter). 
3.1. Rotation evaluation at very high frequencies 
The first step towards confirming that the specimen was behaving at 20 kHz according to the intended was to 
evaluate its rotational movement. Figure 5 shows the signals obtained from the rotational evaluation at this 
frequency, as described in section 2 (Figure 2), where it is possible to observe that both signals are in-phase and with 
similar amplitudes, thus confirming rotational behavior at the end of the specimen. The difference between the 
amplitudes of both signals is due to the difficulty to guarantee that both lasers are measuring at the exact same 
distance from the center of the specimen.  
Fig. 5. Representation of the rotation measurements using two speed lasers, one represented as blue and the other as green. 
Fig. 6. Representation of the axial movement on one of the specimen free end, bottom of the specimen. 
Axial movement was measured as well and Figure 6 denotes the axial movement of the specimen, measured at 
the free end-surface (bottom) of the specimen by a single laser. 
3.2. Strain evaluation at very high frequency 
Graphic results from the three-way rosette strain gage installed on the specimen tested at 20 kHz can be seen on 
Figure 7. These results will be compared with the ones obtained at low frequency. 
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Fig. 7. Representation of the signals obtained from the rosette at very high frequency testing: green is strain gage 1, red is strain gage 2 and blue 
is strain gage 3, according to the directions indicated on Figure 3. 
3.3. Strain evaluation at low frequency 
Graphic results from the three-way rosette strain gage installed on the specimen tested at low frequency can be 
seen on Figure 8.  
Fig. 8. Representation of the signals obtained from the rosette at low frequency testing: white is strain gage 1, red is strain gage 2 and green is 
strain gage 3, according to the directions indicated on Figure 3. 
Generic similarities can be found between the results presented on Figure 8 and the ones presented on Figure 7. 
Post-processing of this data, considering for example stress analysis will be produced during the next steps of this 
research. 
4. Conclusions 
The preliminary tests on a biaxial loading applied to a specimen with a very high frequency excitation were 
performed on this work. With these tests, it was pretended to confirm the correct behavior of the specimen, 
specifically on its rotation, axial movement and generic strain behavior on the specimen throat. 
Comparison between very high frequency and low frequency strain results indicate a qualitative correlation 
which confirms the correct loading setup for the very high frequency tests. 
These tests constitute the first step on this research and will serve as groundwork for future developments on the 
field. Further work is then suggested to further characterize the dynamic behavior of specimens at very high 
frequencies. 
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